Rainwater harvesting (RWH) systems are increasingly being implemented in buildings. It is common in the UK for simple RWH tank sizing methods to be utilised, and these do not consider future climate change. This paper describes the development of a tool, which integrates elements of basic and detailed sizing approaches from the British Standard for RWH, with the latest probabilistic UK Climate Projections data. The method was initially applied to the design of a university building in Cornwall, UK. The methodology utilises 3,000 equi-probable rainfall patterns for tank sizing for each time period. Results indicate that, to ensure that it is 'likely' that the same non-potable demand could be met in 2080 as in the present, a tank 112% larger would be required. This increases to a 225% oversizing for a 'very likely' probability of meeting the same level of non-potable demand. The same RWH system design was then assessed for three further UK locations with different rainfall characteristics.
ESI
Environment and Sustainability Institute Within these approaches, a number of different RWH system tank sizing methodologies are utilised (UK methods are described in depth in the following section). In order for a RWH system to be adapted to climate change, it is argued that it should be able to perform at the same level under the future climate, as it does when sized to meet the current climate (Youn et al. ) . This paper presents a methodology to achieve this by the development and application of a probabilistic approach (Figure 1 ). The second section of the paper describes the relevant theory behind RWH system tank sizing. The third section describes the development of the probabilistic modelling approach and the case study to which it is applied. The fourth section describes the results from applying the model to the case study. The paper finishes by discussing the implications of the results and drawing conclusions. (1) and (2) to estimate the tank size. Equation (1) calculates 5% of the annual rainwater yield and Equation (2) calculates 5% of the annual non-potable water demand
RWH tank sizing theory
where Y R is the annual rainwater yield (l); A is the collecting area (m 2 ); e is the yield coefficient (%); h is the annual rainfall for the site location (mm); η is the hydraulic filter efficiency
where D N is the annual non-potable water demand (l); P d is the daily requirement per person (l); n is the number of people.
The storage capacity should be estimated from the lesser of the two of these calculations, which represents approxi- However, the standard does not suggest the types of assumptions that should be used to characterise irregular demand and it does not make recommendations to utilise a particular model or piece of software.
The previously described models implement variations of the detailed approach. However, they do not necessarily implement a probabilistic rainfall approach, which is required to assess the potential adaptability and resilience of RWH tank sizes generated under climate change scen- Down Scaling model and applied it to a case study University building RWH system. A set of curves describing the relationship between storage capacity and deficit rate (the ratio of total deficit volume to total demand) was derived.
From these curves, it was determined that under the Intergovernmental Panel on Climate Change (IPCC) A2 emissions scenario, the RWH system tank volume could be reduced due to increased annual mean precipitation. This is an interesting finding as it implies that tanks sized for the current climate would be pre-adapted to climate change. However, it should be noted that rainfall patterns for the UK are likely to be different to the case study location (S. Korea), also the IPCC A2 scenario is more conservative than the IPCC A1FI scenario used for this study. While annual rainfall in the UK is not predicted to change by more than a few per cent the distribution of rainfall is. It is projected that there will be significantly more rainfall in winter and a reduction in summer. The intensity of rainfall events is also expected to increase. These factors imply that a RWH system sized for the current UK climate could be poorly adapted for future climates. The following section describes the development and application of a model based on the approaches recommended in BS 8515, but that includes a probabilistic rainfall approach to assessing RWH system tank sizing for the UK using projected future climate data.
METHODS
The methodological approach undertaken within this paper consists of three distinct parts. The first part is the development of a probabilistic tank-sizing tool (PTST) based on the theoretical principles described in the Introduction section.
The second part is the detailed application of the PTST to a case study RWH system design within a large building in the UK for various climate scenarios. The third and final part is the inclusion of rainfall data for different UK locations within the application of the PTST to the same large building design. It summarises the main components of the methodology. In this methodology it has been assumed that the RWH tank size is based on the roof supply as typically used in practice. However, this may not always be the case and the method could equally be applied to any other supply.
The PTST
The PTST consists of two main components. The first component is a RWH tank-sizing tool, which implements a number of underlying algorithms based on the theoretical principles outlined in the Introduction section. The second component is the coupling of the tool with UK Climate
Projections 2009 (UKCP09; DEFRA ) Weather Generator datasets. These are described below.
PTST -underlying algorithms
Using Equations (1) and (2) and data summarised in Table 1 , a storage tank volume was calculated for the case study building, representing the minimum required to meet the BREEAM requirement of 50% of annual rainwater yield during the defined period of collection (Equation (1) The PTST assumes that any roof run-off collected whilst the tank is full is discharged to the local drainage system.
Any shortfall in the supply of harvested rainwater is assumed to be met by the mains water supply. From this model for the case study building, the annual percentage of non-potable water demand met by the RWH system sized using the BREEAM criterion to collect 50% of rainfall for the defined period of collection could be established.
This value was termed P current . The baseline tank size was used to calculate P current using the 100 samples of 30 years of control daily rainfall data for the site output by the UKCP09 Weather Generator, representative of the period 1961 -1990 . Within the PTST, the volume in the tank each day is then updated using the available rainfall and the required demand to find the cumulative non-potable demand met.
In order to examine the impact of future climate scenarios on tank sizing and performance (in terms of % of demand met), the PTST was applied using UKCP09 probabilistic climate change projections. Specific site rainfall was obtained using the Weather Generator which is a downscaling tool that can be used to generate statistically plausible daily and hourly time series. These time series PTST and future climate scenarios -using UKCP09
Weather Generator datasets
Currently there is uncertainty in the extent to which climate change will affect the built environment (IPCC ). This is due to a number of reasons, including the climate model, natural climate variability and future greenhouse gas GHG emissions uncertainty is handled in UKCP09 by the production of climate change projections for three emissions scenarios: Low (B1), Medium (A1B) and High (A1FI).
However, current research has demonstrated that current emission trends imply that actual future emissions could be far greater than that assumed by the A1FI scenario (Anderson & Bows ) . As a result, the effects of climate change could be more detrimental than those predicted by the A1FI scenario. In this paper only the A1FI emissions scenario will be ). These are produced by the UKCP09 Weather Generator (Jones et al. ) . In this paper 100 equi-probable independent sets of 30 years of daily rainfall data were used for each of the three time horizons, resulting in the total consideration of 3,000 probabilistic rainfall patterns.
UKCP09 uses calibrated uncertainty language to convey the probabilistic nature of the data, typically defined as:
10th percentile -very unlikely to be less than, 33rd percentile -unlikely to be less than, 66th percentile -unlikely to be greater than and 90th percentile -very unlikely to be greater than. The 50th percentile is the central estimate and is equally likely as not.
Case study building and RWH system
The case study building used in this study is the University of Exeter's Environment and Sustainability Institute (ESI). It is a research institute to facilitate teaching, research and commercial application of environmental and sustainability knowledge. The ESI building is located in Penryn, Cornwall, UK and will combine a series of academic, laboratory and office accommodation. The building has been designed to achieve a rating of 'Outstanding' under the bespoke version of BREEAM (). BREEAM Outstanding represents the highest sustainability standard of the time. A further ambition of the project is to ensure the building is adaptable to the impacts of climate change. An element of the sustainability strategy includes water conservation and the building has been designed with a RWH system to meet the BREEAM criteria.
Harvested rainwater supply and demand parameters
As per Equations (1) and (2) Using the parameter values and by applying the PTST outlined in this section, the tank size and water saving performance of the RWH system was assessed under future climate scenarios, in order to understand the potential adaptability of the ESI RWH system.
Application of the PTST
To achieve the BREEAM requirement, a RWH storage tank is normally sized to collect at least 50% of either predicted rainwater yield or total flushing demand (whichever is the lesser) over a defined period of collection (usually 18 days), as highlighted in Equations (1) In order to meet the aim of ensuring a tank is sized to be adapted to future climate conditions by attaining the same level of performance under climate change as under the current climate, the relationship between current and future performance can be described as P current ¼ P future . Calculations were performed with the required outcome for each rainfall series being to size the tank such that P future was maintained at P current . An iterative procedure was established in the PTST, whereby the tank size was incrementally altered until P future converged at P current or until the addition to the size of the tank made less than 0.01% difference to the non-potable demand met. For each time horizon (2030s, 2050s and 2080s), this process returned a range of tank sizes that was dependent on the specific rainfall volume and pattern for each climate change sample. In order to test the PTST, it was applied to the ESI RWH system tank sizing design, using the baseline tank size of 14,138 litres.
To test the PTST under a range of different spatial rainfall scenarios and to assess its applicability to other projects, it was applied to the ESI building as if it were located in other parts of the UK. This could also be undertaken for sites in other countries where projections of daily rainfall under future climate scenarios are available. Calculations were performed to investigate additional parameters, such as the theoretical maximum rainwater collection for each geographic location. This was calculated using Equation (3)
where Y MAX is the theoretical maximum rainwater collection; h is the annual rainfall for the site location (mm); e is the yield coefficient (%); η is the hydraulic filter efficiency.
The ratio of Y MAX to the annual demand, representing the maximum potential annual demand satisfied, was termed D S . The total annual demand was then varied to give a range of demands within a range for D S of 10 to 100%. It was assumed that the daily demand was constant, therefore the annual demand was divided by 365 to obtain the daily demand. The PTST uses a single value for daily demand for water that comprises the cumulative demand for non-potable water from all uses within the building. For example, a daily demand of 1,000 litres could arise from 100 litres of toilet flushing and 900 litres of irrigation, or from 500 litres of each of these. The outcome would be the same within the PTST. This allows for a high level of flexibility in the approach. This was used in the calculations to establish P current and P future using the method described above for each variation of D S . If desired, further complexity could be added by incorporating variable demand into the calculation but this was deemed unnecessary for this study.
These calculations were performed for the ESI at Penryn and then for the following UK locations: Cambridge (Cambridgeshire), Aberdeen (Aberdeenshire) and Ammanford (Carmarthenshire). These were chosen as being representative of a range of rainfall volumes and patterns across the UK. The daily demands required for each of these additional sites for each value of D S are shown in Table 2 . In reality, the actual annual demand satisfied is usually lower than the maximum potential D S due to the timing of supply, demand and overflow resulting from variation in weather. For the 14,138 litres baseline tank there is an equal probability that the P 2080 will either be more or less than 57.8%, a likely probability (33rd percentile) that P 2080 will be greater than 56.8% and a very likely probability (10th percentile)
that P 2080 will be greater than 53.9%, as illustrated in (Figure 2 ). Therefore, relative to the present climate it is unlikely that in the 2080s the demand met from the RWH system will reduce by more than 8.2%, and very unlikely that it will reduce by more than 12.8%.
Tank size required under future climate scenarios
The results for calculations for the tank size required under future climate to ensure P current ¼ P future are shown in (Figure 3 ). Under P current the tank was sized at 14,138 litres. For P 2080 it is unlikely that the tank will need to be larger than 29,900 litres and very unlikely that it will need to be larger than 46,000 litres. This is 112% and The D S varies with location for the 'as designed' building which has a non-potable water demand of 2,205 litres per day (as shown in Table 1 ). As Cambridge is the driest site, the value of D S is only 32.6%, whilst at Ammanford -the wettest site -D S rises to 86.1%. When these calculations are performed using the future climate scenarios for each of the four sites, we find that the increased tank sizes (as measured by an increase in the number of days in the defined period) increases in a broadly similar manner for each probability level, as is shown by Figure 8 . Differences between locations are explained by varying climate change signal magnitude and inherent differences in rainfall volume and pattern across the country, which in turn impacts on the sensitivity of tank sizing due to changes to the climate.
Varying collection days to achieve annual demand satisfied (D S ) for specific confidence intervals -A method Table 3 shows the change to the number of days in the defined period under projected scenarios for climate change in the 2080s for each of the four sites at the 50th, 66th and 90th percentile confidence levels. There are some instances where the number of days calculated was below 18, which indicates that a smaller tank could be required. For these instances, a value of 18 was maintained as the minimum value, as the tank could not be considered adapted if it achieved the performance level in the future,
but not under the current climate. At the 50th percentile probability level, which implies that a tank sized at that level is equally likely to be oversized as undersized, relatively smaller increases in tank size are required to ensure
For Aberdeen, the tank size is found to be relatively constant, regardless of the demand for water from the building.
However, whilst at Penryn the tank size remains the same for a large demand from the building (as classified by low value of D S ) and as demand for water from the building decreases, the tank size increases by up to a factor of approximately two for a D S of 100%. This is because in order to meet a greater percentage of demand, more water will need to be collected and stored to cover dry spells in the year, for example over a summer. Even though absolute demand for water may be lower, the tank size may still need to be larger to account for the variability in supply. The annual rainfall supplied at Penryn is high enough and the distribution is such that a large tank can be used to satisfy demand during dry periods. The same is not true for drier locations such as Cambridge.
At the higher probability levels (66th and 90th percentile), the required tank sizes increase. As discussed previously, the relationship between percentage of theoretical demand met and tank size becomes more variable as the competing effects of drier climates and increased demand from the building trade-off against one another.
Using the calculated tank sizes under a probabilistic range of climate change weather years, the results produced by the PTST could be used to size RWH system tanks in order to meet standards such as BREEAM and ensure that the performance remains resilient to the potential impacts of climate change. The first step would be to calculate the Theoretical Maximum Rainwater Collection as defined in Equation (3). The next step would require calculation of the annual demand for non-potable water, although with the current caveat that daily demand within the year does not vary. These calculations could then be used to calculate D S and Table 3 used to look-up the adjusted number of days in the defined period of collection. Finally, the adjusted number of days could be substituted into Equation (3) instead of the current 18 days, to calculate the total volume collected. This would then be multiplied by 0.5 to size the tank to meet the requirement to collect at least 50% of predicted rainwater run-off over a defined period of collection.
Limitations of the PTST
A recognised limitation of the PTST, is that it currently only considers meeting the in-building non-potable demand for (a) Analysis of 20þ year extreme events.
(b) 100þ year extreme stochastic series.
(c) Probability analysis with a five-year time series.
This will be combined with recent research by A further limitation of the PTST is that it uses aggregated annual demands, rather than trying to model the irregularity of demand that a building such as the ESI would experience. This extra complexity could be included within the model but was omitted for simplicity, making this study easier to replicate. This was in part due to the need to simplify demand to undertake the study described (as there was no information about the building's occupants) and in part due to the lack of detailed datasets or profiles for non-domestic building water demand. This is a frequently recognised issue (Ward et al. ) . Future work will include variance of demand both within a week or season, i.e. occupancy patterns, and between larger time horizons, i.e.
technological or societal change. proportion of non-potable water demand met by the RWH system is likely to reduce. However, the reduction is proportionally smaller than the increase in tank size required to offset the reduction. This is likely due to the changes in rainfall patterns under projections of future climate, which in turn would require increased tank volumes in order to level-out periods of supply and improve water security. This is in contrast to a similar Korean study (Youn et al. ) , which determined that under the A2 climate change scenario using data from a downscaled Canadian Global Coupled Model, RWH system tank volumes could be 'reduced' due to increased annual mean precipitation. This highlights the importance of using regionally appropriate climate change scenario weather projection datasets, as climate change projections vary across the globe and will affect local weather patterns in different ways.
CONCLUSIONS
Results generated by applying the PTST to a range of sites and demand levels suggests the need to oversize tanks for the current climate in order to provide resilience against projected climate change. A method of undertaking this over-sizing has been presented. The implementation of the method enables a risk-based approach to be taken for any particular RWH system design project. The method deploys an adjusted value for days within the defined period of collection, which is a concept that is already well documented and used by practitioners applying BS 8515 and BREEAM tank sizing methods. The adjusted values for the period of collection have been presented at a range of probability levels. It has been shown that the relationship between demand, supply and future climate follow a similar form up to the 66th percentile probability;
that is, at a 'likely' level of probability that a tank sized at that volume would meet the same annual demand in the future as in the current climate. At higher probability levels, for example 'very likely' that a tank would be sized to meet future climate (90th percentile), the relationship becomes harder to predict between locations and the relative increases in tank sizes are significant. It is therefore suggested that should a universal approach to adapting rainwater tanks for resilience to climate change be adopted, the 66th percentile probability level would provide a balance between a high likelihood of meeting present and future demands, whilst preventing excessive over-sizing of tanks.
